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Transforming growth factor b (TGF-b) is the prototype of a large superfamily of signaling molecules
involved in the regulation of cell growth and differentiation. In certain patients infected with human immu-
nodeficiency virus type 1 (HIV-1), increased levels of TGF-b promoted the production of virus and also
impaired the host immune system. In an effort to understand the signaling events linking TGF-b action and
HIV production, we show here that TGF-b can stimulate transcription from the HIV-1 long terminal repeat
(LTR) promoter through NF-kB binding sites in both HaCaT and 300.19 pre-B cells. When introduced into a
minimal promoter, NF-kB binding sites supported nearly 30-fold activation from the luciferase reporter upon
TGF-b treatment. Electrophoretic mobility shift assay indicated that a major factor binding to the NF-kB site
is the p50-p65 heterodimeric NF-kB in HaCaT cells. Coexpression of Gal4-p65 chimeric proteins supported
TGF-b ligand-dependent gene expression from a luciferase reporter gene driven by Gal4 DNA binding sites.
NF-kB activity present in HaCaT cells was not affected by TGF-b treatment as judged by the unchanged DNA
binding activity and concentrations of p50 and p65 proteins. Consistently, steady-state levels of IkBa and IkBb
proteins were not changed by TGF-b treatment. Our results demonstrate that TGF-b is able to stimulate
transcription from the HIV-1 LTR promoter by activating NF-kB through a mechanism distinct from the
classic NF-kB activation mechanism involving the degradation of IkB proteins.

Transforming growth factor b (TGF-b) families of cytokines
regulate many aspects of cellular functions, including growth,
differentiation, morphogenesis, and apoptosis (reviewed in ref-
erences 26, 27, 35, and 42). It inhibits proliferation of epithe-
lial, endothelial, and fibroblast cells (26, 35). In cells of hema-
topoietic and lymphoid origins, TGF-b inhibits proliferation of
T lymphocytes (17), B lymphocytes (16), and thymocytes (34),
as well as differentiation of natural killer cells (36), lympho-
cyte-activated killer cells (11), and macrophages (43). Thus,
TGF-b displays immunosuppressive activities both in vivo and
in vitro and is a potent endogenous immunosuppressor (10,
47). TGF-b plays vital functions in inflammatory responses, as
targeted disruption of the TGF-b gene in mice caused multi-
focal inflammatory responses resembling autoimmune diseases
and the eventual death of TGF-b1 null mice 2 to 3 weeks after
birth (21, 41). The apparently normal embryonic development
and perinatal survival of TGF-b1 null mice were likely due to
the maternal rescue of TGF-b1 proteins crossing the placenta
and from milk through breast feeding (24).

Several lines of evidence suggest that TGF-b is also involved
in the regulation and pathogenesis of human immunodefi-
ciency virus type 1 (HIV-1), which is the etiological agent
causing AIDS. Increased expression of TGF-b was found in
peripheral blood mononuclear cells (18), primary mononu-
clear phagocytes (22, 23), and brain tissues (45) from HIV-1-
infected patients. The elevated expression of TGF-b has been
partially attributed to the activation of the TGF-b1 promoter
by the virally encoded Tat protein (7). Augmented production
of TGF-b resulted in decreased T-cell counts and general
immunodeficiency in patients infected with HIV-1, probably

through the potent immunosuppressive activities of TGF-b.
On the other hand, increased levels of TGF-b can enhance
HIV production in certain cell types, such as primary macro-
phages and premonocytic U-937 cells (22). Therefore, an en-
hanced level of TGF-b dually benefits HIV-1 viral propaga-
tion: TGF-b suppresses the host antiviral immune responses
through inhibition of growth of hematopoietic and lymphoid
cells and, at the same time, may also increase viral production
in certain cell types.

The mechanism by which TGF-b enhances HIV-1 produc-
tion in specific cell types is unknown. Although TGF-b has
been observed to enhance transcription from the transfected
HIV-1 long terminal repeat (LTR) promoter in human mes-
angial cells (40), it was not clear how this activation was
achieved. In this study, we used HaCaT, a spontaneously im-
mortalized human keratinocyte cell line which is highly respon-
sive to TGF-b (5), as a model system to show that TGF-b could
activate the HIV-1 LTR promoter and that the transactivation
requires NF-kB binding activity. NF-kB sites alone were suf-
ficient to mediate gene activation by TGF-b. Our results es-
tablish a direct link between the TGF-b signal and NF-kB-
mediated transcriptional activation, which may provide a
better understanding of the molecular basis underlying the
diverse biological effects of TGF-b.

MATERIALS AND METHODS

Materials. Oligonucleotides representing the HIV-1 NF-kB binding sites have
the sequence 59 CAA GGG ACT TTC CGC TGG GGA CTT TCC AGG 39 and
were synthesized in the Oligo Core Facility at Duke University. Human TGF-b1
was a generous gift from Amgen, Inc. Polyclonal antibodies against human p50
(sc-114), p65 (sc-732), c-Rel (sc-070x), Rel-B (sc-226), IkBa (sc-371), and IkBb
(sc-945) were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Antiserum against p100 was a generous gift from J. Nevins (Duke University
Medical Center). Antiserum against MBP2 was a generous gift from R. Bernard
(The Netherlands Cancer Institute). Recombinant p65 and p50 proteins were
generous gifts from D. Baltimore (Massachusetts Institute of Technology). Cy-
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closporin A (CsA) was a generous gift from J. Heitman (Duke University Med-
ical Center).

Plasmids. The HIV-chloramphenicol acetyltransferase reporter plasmid and
cytomegalovirus-Tat (CMV-Tat) were generous gifts from B. Cullen (Duke
University Medical Center). All constructs are diagrammed in Fig. 2 and 3. The
KpnI- to HindIII fragment of the HIV-chloramphenicol acetyltransferase plas-
mid was isolated and inserted between the KpnI and HindIII restriction sites on
the pGL2 Basic luciferase reporter plasmid (Promega) to create HIVKH-luc.
HIVRH-luc and HIVPH-luc were created by isolating the EcoRV-to-HindIII
and the PvuII-to-HindIII fragments (the PvuII site was first blunt ended with
Klenow fragment in the presence of 2 mM deoxynucleoside triphosphates),
respectively, and they were then inserted between the SmaI and HindIII sites on
the pGL2 Basic luciferase reporter plasmid. A SmaI site was created between the
NF-kB and Sp1 sites to facilitate the isolation of the newly created
SmaI-to-HindIII fragment. The fragment was then inserted between the SmaI
and HindIII sites on the pGL2 Basic luciferase reporter plasmid to create
HIVdkB-luc, which has all sequences upstream of the Sp1 sites, including both
NF-kB sites, deleted. A second, similar SmaI site was introduced immediately
downstream of the Sp1 sites on the HIVKH-luc construct by site-directed mu-
tagenesis to create HIVdSp1-luc, which has both the NF-kB and Sp1 sites
deleted. A construct containing both SmaI sites on HIVKH-luc was also created
and then used to obtain HIVKHDSp1-luc, which has all three Sp1 sites deleted
internally while retaining the rest of the sequences. HIVKHmkB1-luc and
HIVKHmkB2-luc were obtained by mutating the upstream and downstream
NF-kB sites, respectively, by site-directed mutagenesis. Luciferase reporter plas-
mid TI-luc, which contains the TATA box and initiator element (Inr) on its
promoter (14), was a generous gift from S. Smale (UCLA). Double-stranded
oligonucleotides representing both of the HIV-1 NF-kB sites were synthesized
and inserted upstream of TI-luc to create TI113kB-luc. Two or three copies of
the same oligonucleotides were first concatemerized and then introduced simi-
larly to create TI123kB-luc and TI133kB-luc, respectively. The dominant-
negative type I (TbRI-DN) and type II (TbRII-DN) TGF-b receptors contained
lysine-to-arginine (K-to-R) mutations at amino acid 230 or 277 (3), respectively.
The activated type I receptor (TbRI-act) (same as TbRI-T204D) was a generous
gift from J. Massague. The IkBa(S32/36A) construct was a generous gift from
A. S. Baldwin (University of North Carolina, Chapel Hill). Gal4-p65 and Gal4-
p65TA1, which have the Gal4 DNA binding domain fused to either the full-
length p65 cDNA sequences or the p65 transactivation domain 1 (TA1, amino
acids 520 to 550), were generous gifts from M. L. Schmitz (Institute of Biochem-
istry and Molecular Biology, Heidelberg, Germany). The reporter construct
containing the dihydrofolate reductase (DHFR) promoter, DHFR-luc, was a
generous gift from J. Nevins (Duke University Medical Center).

Cell culture and DNA transfection. Human HaCaT cells, a generous gift from
P. Baukamp and N. Fusenig (Institute of Biochemistry and Molecular Biology)
were grown in minimal essential medium supplemented with 10% fetal bovine
serum and 2 mM L-glutamine (Gibco, BRL). Transient transfection into HaCaT
cells was carried out by the standard DEAE-dextran method. Briefly, 105 cells
were plated onto each well of a six-well plate and grown overnight. The cells were
then washed once with phosphate-buffered saline (PBS) and submerged in 1 ml
of serum-free minimal essential medium containing 100 mM chloroquine. Six
micrograms of reporter plasmid, plus 6 mg of a cotransfection plasmid (or 6 mg
of vector plasmid as filler DNA to keep the total amount of transfection plasmids
constant) where applicable, was resuspended in 340 ml of PBS containing 85 mg
of DEAE-dextran per ml and added dropwise onto each well of cells. Cells were
cultured for 3 h before being treated with 10% glycerol for 2 min. The cells were
then washed with PBS, and 2 ml of growth medium was added. Cells were grown
for 24 h before the addition of 100 pM human TGF-b1. Cells were then grown
for an additional 24 h, and the luciferase activities were measured according to
standard protocols (37).

Mouse pre-B-cell line 300.19 was obtained from T. Tedder (Duke University
Medical Center) and grown in RPMI 1640 supplemented with 10% fetal bovine
serum and 2 mM b-mercaptoethanol (Gibco, BRL). For transient transfection
into 300.19 cells, cells were collected, washed once with PBS, and resuspended in
growth medium to obtain a cell density of 4 3 106 cells per ml. Ten micrograms
of the luciferase reporter and 1 mg of CMV–b-galactosidase plasmid were mixed
with 0.4 ml of cells and transferred into a 0.4-cm-gap-width electroporation
cuvette. Cells were electroporated with a BTX electroporator (ECM600) which
was set at a capacity of 1,700 mF and a charging voltage of 250 V, with a typical
pulse time of 35 ms. The cells were then left for 20 min at room temperature to
recover before being added to 12 ml of growth medium in a 10-cm-diameter
plate. Cells were grown for 24 h and split in equal volumes (6 ml) into two
10-cm-diameter plates. TGF-b1 (100 pM) was added to one of the plates. Cells
were grown for an additional 24 h, and luciferase activity was measured as
described for HaCaT cells. b-Galactosidase activity was then measured to mon-
itor transfection efficiency and ensure equal expression from both the TGF-b-
treated and untreated cells.

Electrophoretic mobility shift assay (EMSA). Nuclear and cytoplasmic ex-
tracts were prepared as described previously (20). Gel mobility shift assay was
carried out with a 10-ml reaction mixture which contained 20 mM HEPES (pH
7.9), 40 mM KCl, 6 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol, 0.15% bovine
serum albumin, 10% (wt/vol) Ficoll, and 0.1 mg of sonicated salmon sperm DNA
(Sigma) per ml. Specific competitors or antisera were added to each reaction

mixture as indicated in Fig. 4 before the addition of 5 mg of total proteins. One
nanogram of probe, which was labeled with T4 polynucleotide kinase according
to the standard method (37), was added last. DNA-protein complexes were
separated from the free DNA probe on a 4% nondenaturing polyacrylamide gel
containing 10% glycerol at 4°C. The gel was then dried and exposed to X-ray film
with an intensifying screen.

Western blot analysis. Equal amounts of total protein from the nuclear and
cytoplasmic extracts were loaded onto a sodium dodecyl sulfate–10% polyacryl-
amide gel. After electrophoresis, proteins were electroblotted onto a polyvinyli-
dene difluoride membrane by using a Bio-Rad Trans-Blot cell. The membrane
was then blocked in 5% nonfat milk–0.1% Tween 20 before being probed with a
1:1,000 dilution of specific antibodies as indicated in the figures. Proteins de-
tected by specific antibodies were visualized by ECL (Amersham) as described in
the manufacturer’s manual and exposed to X-ray film.

RNase protection assay. To isolate cytoplasmic RNA, HaCaT cells were first
washed with ice-cold PBS three times and collected into a 15-ml conical tube in
a small volume of PBS. Cells were then pelleted by centrifugation at 300 3 g for
5 min, and the supernatant was discarded. The cell pellet was lysed with 375 ml
of ice-cold lysis buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 5
mM MgCl2, and 0.5% Nonidet P-40. The lysate was incubated for 5 min on ice
and centrifuged for 2 min in a cold room to pellet nuclei. The cytoplasmic
supernatant was then extracted twice with water-saturated phenol and once with
chloroform. The cytoplasmic RNA was precipitated with ethanol and dissolved in
water. For the RNase protection assay, we used an RPA II RNase Protection
Assay Kit (Ambion) and followed the protocol supplied by the manufacturer.

RESULTS

TGF-b stimulates the HIV-1 LTR promoter. To investigate
the effect of TGF-b on the expression of the HIV-1 LTR
promoter, the construct HIVKH-luc was transiently trans-
fected into HaCaT cells, and its relative luciferase activity was
assayed after cells were treated with human TGF-b1 for 24 h
or untreated. As shown in Fig. 1A, HIVKH-luc was activated
13-fold upon TGF-b treatment. As positive controls, the cy-
clin-dependent kinase inhibitor (CKI) p15INK4B gene pro-
moter (25) and an artificial reporter construct, 3TPlux, which
contains a portion of the plasminogen activator inhibitor-1
gene promoter linked to TRE sequences from the collagenase
promoter (6), were induced similarly following TGF-b treat-
ment (Fig. 1A, p15P113-luc and 3TPlux). On the other hand,
the expression from the cyclin A promoter was reduced 30%
upon TGF-b treatment (Fig. 1A, pCAL2), as previously re-
ported (12). Therefore, TGF-b is able to potently activate the
HIV-1 LTR promoter in HaCaT cells.

Virally encoded Tat protein is a potent transactivator of the
HIV-1 LTR promoter (reviewed in reference 15). We next
examined the relationship between TGF-b-mediated activa-
tion of the HIV-1 LTR promoter and Tat-mediated transacti-
vation. The Tat expression plasmid CMV-Tat was cotrans-
fected with HIVKH-luc, and the luciferase activity was assayed
after cells were treated with TGF-b or untreated. As shown in
Fig. 1B, TGF-b treatment by itself caused 13-fold induction of
the reporter expression, whereas coexpression of CMV-Tat
alone stimulated the expression of HIVKH-luc by about 50-
fold. Combination of the CMV-Tat coexpression and TGF-b
treatment, however, synergistically increased the promoter ac-
tivity to 285-fold. These results indicate that TGF-b stimulates
gene expression from the HIV-1 LTR promoter through a
mechanism distinct from that of Tat transactivation.

NF-kB binding sites are required for TGF-b-mediated gene
expression from the HIV-1 LTR promoter. The HIV-1 LTR
promoter contains three copies of Sp1 binding sites in addition
to two NF-kB binding sites (reviewed in reference 15). To
determine the promoter elements required for TGF-b induc-
tion of the HIV-1 LTR promoter, we generated serial deletion
constructs of the HIV-1 LTR promoter with HIVKH-luc as the
parental construct (Fig. 2A) and tested for their induction by
TGF-b treatment. Deletion of sequences immediately up-
stream of the NF-kB sites did not change TGF-b induction of
the promoter (Fig. 2A, HIVRH-luc). However, deletion of
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both NF-kB sites significantly decreased TGF-b-induced ex-
pression as well as the uninduced expression (Fig. 2A,
HIVdkB-luc), suggesting that NF-kB sites were needed for the
promoter induction by TGF-b. The remaining sixfold induc-
tion by TGF-b, after NF-kB sites were deleted, resulted from
the presence of three Sp1 binding sites, since deletion of both
the NF-kB and Sp1 binding sites completely abolished TGF-b
induction of the promoter (Fig. 2A, HIVdSp1-luc). Deletion of
the TATA box did not further affect the promoter expression
(Fig. 2A, HIVPH-luc). Previously we have shown that Sp1
binding sites are capable of supporting TGF-b-induced gene
activation from the promoters of the CKIs p15INK4B and
p21(CIP1/WAF1) (8, 25). Results from the current promoter
deletion analysis demonstrated that both NF-kB and Sp1 bind-
ing sites contribute to TGF-b induction of the HIV-1 LTR
promoter, with NF-kB sites playing a more prominent role.

NF-kB binding sites are sufficient for TGF-b-mediated gene
activation. To further define promoter elements required for
the induction of the HIV-1 LTR promoter by TGF-b treat-
ment, we mutated either copy of the NF-kB binding sites by
site-directed mutagenesis to create HIVKHmkB1-luc and
HIVKHmkB2-luc (Fig. 2B). We also created HIVKHDSp1-
luc, which had all three Sp1 binding sites deleted but retained
rest of the sequences (Fig. 2B). Mutating either copy of the
NF-kB binding sites significantly reduced the basal expression
but not the fold induction by TGF-b treatment, indicating that
either of the two NF-kB binding sites was sufficient for TGF-
b-mediated induction of the HIV-1 LTR promoter (Fig. 2B,
HIVKHmkB1-luc and HIVKHmkB2-luc). Deleting all three

Sp1 binding sites while retaining the rest of the promoter
sequences dramatically reduced the uninduced expression but,
surprisingly, resulted in an even higher fold induction after
TGF-b treatment (Fig. 2B, HIVDSp1-luc). These results indi-
cate that NF-kB sites alone were sufficient to support TGF-b-
mediated gene activation from the HIV-1 LTR promoter. To
generate further support for this hypothesis, we synthesized
oligonucleotides comprising NF-kB binding sites from the
HIV-1 LTR promoter and inserted them upstream of a mini-
mal-promoter luciferase reporter gene containing only the
TATA box (TATA) and the initiator element (Inr, as defined
in reference 14), which by itself is induced only slightly by
TGF-b treatment (Fig. 3A, TI-luc). To our satisfaction, intro-
duction of one copy of the NF-kB oligonucleotides (which
contains both HIV-1 NF-kB binding sites) caused the minimal
promoter to be induced 28-fold upon TGF-b treatment (Fig.
3A, TI113kB-luc). Introduction of two or three copies of the
NF-kB oligonucleotides caused a dosage-dependent increase
in the overall levels of TGF-b-induced expression, although
the induction decreased from 28- to 7-fold due to the more
significant increases in uninduced expression (Fig. 3A,
TI123kB-luc and TI133kB-luc). Induction from NF-kB sites
specifically required signals initiated by a functional TGF-b
receptor complex, since coexpression of a dominant-negative
type I (TbRI-DN) or a dominant-negative type II (TbRII-DN)
receptor abolished the induction by TGF-b without affecting
the uninduced expression (Fig. 3B). Taken together, these
results suggest that NF-kB binding sites alone are sufficient to
support TGF-b-mediated gene activation.

FIG. 1. TGF-b stimulates the HIV-1 LTR promoter. (A) The KpnI-to-HindIII fragment of the HIV-1 LTR was placed upstream of a luciferase reporter plasmid
(pGL2-Basic) to create HIVKH-luc. HIVKH-luc was transfected transiently into HaCaT cells, and its relative luciferase activity was assayed after cells were treated
or not with human TGF-b1 for 24 h. p15P113-luc (25), 3TPlux, and the cyclin A promoter pCAL2-luc (12) were also transfected and assayed similarly. The fold
induction is indicated for each construct. Error bars represent standard deviations from duplicate determinations. (B) HIVKH-luc was transiently transfected into
HaCaT cells, and the relative luciferase activities were assayed after cells were treated (1b, 2Tat) or not (2b, 2Tat) human TGF-b1 for 24 h. CMV-Tat was
cotransfected with HIVKH-luc into HaCaT cells, and the relative luciferase activities were assayed after cells were treated (2b, 1Tat) or not (2b, 1Tat) with TGF-b
for 24 h. The fold induction by TGF-b is indicated. Error bars represent standard deviations from duplicate determinations.
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The p50-p65 complex binds to NF-kB sites and is required
for TGF-b-mediated gene expression. Many cellular transcrip-
tion factors bind to NF-kB sites, including Rel/NF-kB family
members and the zinc finger-containing proteins MBP-1/PR-
DII-BP-1/HIV-EP1 and MBP-2 (reviewed in references 2 and
30). To determine the identity of factors binding to the HIV-1
NF-kB sites, we used EMSA and detected a specific complex
formed on the HIV-1 NF-kB binding sites in both TGF-b-
induced and uninduced HaCaT cells (Fig. 4A and B). This
complex was specific to the NF-kB probe used, since it was

readily competed away by a 20-fold excess of the unlabeled
NF-kB oligonucleotides (Fig. 4A and B, lanes 2) but not by the
same excess amount of E2F or Gal4 binding oligonucleotides
(Fig. 4A and B, lanes 3 and 4). Addition of antiserum against
either the human p50 or p65 abolished the complex formation
and caused formation of supershifted complexes, indicating
that the complex contained both p50 and p65 proteins (Fig. 4A
and B, lanes 5 and 6). Previous studies have demonstrated that
endogenous p50-p65 heterodimers are much more stable and
capable of binding to DNA with higher affinity than p65 ho-

FIG. 2. NF-kB binding sites are necessary for TGF-b-mediated gene expression from the HIV-1 LTR promoter. (A) Serial promoter deletion constructs of the
HIV-1 LTR are shown. Also indicated are the restriction sites used to make the deletion constructs. These constructs were transfected transiently into HaCaT cells,
and their relative luciferase activities were assayed after cells were treated or not with TGF-b1 for 24 h. The fold induction by TGF-b is indicated for each construct.
Error bars represent standard deviations from duplicate determinations. (B) Either the upstream or the downstream NF-kB site was mutated by site-directed
mutagenesis to create HIVKHmkB1-luc and HIVKHmkB2-luc. HIVKHDSp1-luc has all three Sp1 binding sites removed but retains the rest of the promoter
sequences. These three constructs, as well as the wild-type HIVKH-luc, were transiently transfected into HaCaT cells, and their relative luciferase activities were assayed
after cells were treated or not with TGF-b1 for 24 h. The fold induction by TGF-b is indicated. Error bars represent standard deviations from duplicate determinations.
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modimers (38). In addition, the p50-p65 heterodimer complex
has been shown to run typically at a position between those of
the p50 and p65 homodimers in EMSA (38). Consistent with
those findings, the p50-p65-containing complex from HaCaT
cells runs at precisely the same position as the complex con-
sisting of the recombinant p50-p65 heterodimer, and its mo-
bility lies between those of the recombinant p50 and p65 ho-
modimers (data not shown). Addition of antisera against
human c-Rel, Rel-B, and p100 (Fig. 4A, lanes 7 to 9) and
against IkBa, MBP2, Smad1, and Smad5 (Fig. 4B, lanes 7 to
10), or preimmune antiserum (Fig. 4B, lane 11), did not affect
the complex formation. These results suggest that the major
factor binding to the HIV-1 NF-kB sites in HaCaT cells is the
p50-p65 heterodimer.

To investigate whether NF-kB activities are required for
promoter induction by TGF-b through NF-kB binding sites,
we cotransfected p65, IkBa, or a mutant form of IkBa,
IkBa(S32/36A), into HaCaT cells and assayed their effects on
the expression of the TI113kB-luc reporter construct (Fig.
3A) in the absence or presence of TGF-b treatment. The
IkBa(S32/36A) mutant represents a supersuppressive form of
IkBa, as it contains serine-to-alanine substitutions at residues
32 and 36 which when phosphorylated can lead to ubiquitin-
mediated degradation of IkBa (4, 44, 46). Coexpression of p65
stimulated slightly both the uninduced and TGF-b-induced
expression from the TI113kB-luc reporter gene (Fig. 4C),
while coexpression of the wild-type IkBa significantly reduced
both the uninduced and TGF-b-induced expression (Fig. 4C).
In these cotransfection experiments, the fold induction by
TGF-b remained the same even though the uninduced expres-
sion was either higher (pCDM8-p65) or lower (pCDM8-IkBa)
than that with the vector cotransfection control. Identical re-
sults were obtained when the construct containing the HIV-1
LTR promoter, HIVKH-luc, was used in the assay (data not
shown). A negative control, the p21(CIP1/WAF1) promoter,
which contains only Sp1 binding sites as its TGF-b-responsive
elements (9), was not affected by the coexpression of either p65
or IkBa(S32/36A) (Fig. 4C). These results suggest that TGF-b

FIG. 3. NF-kB sites are sufficient for TGF-b-mediated gene expression,
which requires functional TGF-b receptors. (A) HIV-1 LTR NF-kB sites were
synthesized as double-stranded oligonucleotides and inserted upstream of a
minimal luciferase reporter (TI-luc) which contains only the TATA box and the
initiator element to create TI113kB-luc. Two or three copies of the HIV-1 LTR
NF-kB sites were similarly introduced to create TI123kB-luc and TI133kB-
luc. All four constructs were transfected transiently into HaCaT cells, and their
relative luciferase activities were assayed after cells were treated or not with
TGF-b1 for 24 h. The fold induction by TGF-b is indicated. Error bars represent
standard deviations from duplicate determinations. (B) The vector plasmid
(pCMV5), a dominant-negative type I TGF-b receptor (TbRI-DN), or a dom-
inant-negative type II TGF-b receptor (TbRII-DN) was cotransfected tran-
siently with TI113kB-luc into HaCaT cells, and their relative luciferase activi-
ties were assayed after cells were treated or not with TGF-b1 for 24 h. The fold
induction by TGF-b is indicated. Error bars represent standard deviations from
duplicate determinations.
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induction from NF-kB sites depends on the activity of NF-kB.
Indeed, when the NF-kB activity was further reduced by coex-
pression of the ubiquitin-mediated-degradation-resistant super
suppressive form of IkBa, IkBa(S32/36A), both the uninduced
and TGF-b-induced expression from NF-kB sites was further
reduced (Fig. 4C). The remaining induction by TGF-b proba-
bly reflects the presence of residual NF-kB activities. Taken
together, these results suggest that NF-kB activity is required
for TGF-b-induced gene expression from NF-kB binding sites.

TGF-b treatment does not change NF-kB and IkB activities.
NF-kB activity has been shown to be readily inducible upon
activation of most premature lymphoid cells, thus providing a
rapid response to various external stimuli (reviewed in refer-
ences 2 and 30). We investigated if TGF-b treatment caused
similar changes in NF-kB activity by measuring its DNA bind-
ing activity with extracts prepared from cells treated with
TGF-b for various length of time as well as with extracts from
untreated cells. As shown in Fig. 5A, TGF-b treatment did not

FIG. 4. p50-p65 binds to NF-kB sites and is required for TGF-b-mediated
gene expression. (A) Oligonucleotides representing the HIV-1 LTR NF-kB sites
were labeled with T4 polynucleotide kinase and used as a probe in EMSA with
nuclear extract prepared from TGF-b-treated HaCaT cells. In lanes 2 to 4,
20-fold excesses of various oligonucleotides (Oligos) were included in the EMSA
as competitors as indicated above each lane. In lanes 5 to 9, antibodies against
the indicated human proteins were included in the EMSA. The specific complex
(NF-kB) is indicated. NS, nonspecific complex; Probe, free probe. Supershifted
complexes are also indicated. (B) Same type of experiment as in panel A, except
that the nuclear extract was prepared from HaCaT cells with no TGF-b treat-
ment. Lanes 2 to 4 contained oligonucleotides in the EMSAs as indicated. Lanes
5 to 11 contained specific antibodies against proteins as indicated. (C). Expres-
sion vector alone (pCDM8) or expression plasmids for p65 (pCDM8-p65), IkBa
(pCDM8-IkBa), or IkBa(S32/36A) [pCMV4-IkBa(S32/36A)] were cotrans-
fected transiently with TI113kB-luc or p21P into HaCaT cells, and their relative
luciferase activities were assayed 24 h after cells were treated or not with TGF-b.
The fold induction by TGF-b is indicated. Error bars represent standard devia-
tions from duplicate determinations.
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cause significant changes in the NF-kB binding activity over a
4-h period. Similar experiments showed no changes in the
DNA binding activity from 10 min up to 24 h (data not shown).
We also measured levels of p50, p65, and IkBa proteins in the
same nuclear and cytoplasmic extracts by Western blot analy-
sis. As shown in Fig. 5B, relatively equal amounts of p50 and
p65 were present in the nuclear and cytoplasmic extracts. Nei-
ther p50 nor p65 protein levels changed significantly upon
TGF-b treatment (Fig. 5B). IkBa was located mostly in the
cytoplasmic fraction, and its protein levels did not change after
treatment with TGF-b. Likewise, total IkBb protein levels did
not change with TGF-b treatment, consistent with unchanged
DNA binding activity of NF-kB (Fig. 5B). Furthermore,
RNase protection analysis showed that the IkBa mRNA levels
remained unchanged with TGF-b treatment from 1 to 10 h,
whereas the p15INK4B mRNA level was induced more than
20-fold with the same treatment (Fig. 5C).

In addition, we used two pharmacological inhibitors, calpain
inhibitor I, which inhibits the degradation of phosphorylated

IkB (29), and PDTC, which inhibits IkB phosphorylation (39),
to test if they could affect the TGF-b-mediated promoter
transactivation through NF-kB sites. No significant effect on
the TGF-b-induced promoter activity was observed when cal-
pain inhibitor I was present in concentrations of between 0.1
and 2 mM (data not shown). We were unable to use higher
concentrations of the inhibitor because of the significant cyto-
toxic effect of the drug on HaCaT cells (data not shown).
Interestingly, addition of PDTC in concentrations of between
10 and 40 mM to HaCaT cells led to a more-than-10-fold
activation of both the uninduced and TGF-b-induced activities
from the TI113kB-luc reporter construct (data not shown),
suggesting that PDTC may have some unknown activities,
other than inhibiting specifically the phosphorylation of IkB
(39). Taken together, these results suggest that TGF-b affects
the transactivation activity of NF-kB in HaCaT cells through a
yet-unidentified mechanism which is different from the classic
mechanism involving IkB degradation observed in premature
lymphoid cells.

FIG. 5. TGF-b does not change NF-kB DNA binding activities or NF-kB levels in HaCaT cells. (A) Nuclear extracts were prepared from HaCaT cells treated with
human TGF-b1 for 0 h (lane 1), 1/2 h (lane 2), 1 h (lane 3), 2 h (lane 4), or 4 h (lane 5) and used in an EMSA. The NF-kB complex is indicated. Also indicated are
the nonspecific complex (NS) and two uncharacterized complexes, 31 and 32. Probe, free probe. (B) Western blot analyses were performed with specific antibodies
against human p50, p65, and IkBa as indicated. Nuclear (lanes 1 to 5) and cytoplasmic (lanes 6 to 10) extracts were prepared from HaCaT cells treated with TGF-b
for 0 min (lanes 1 and 6), 10 min (lanes 2 and 7), 30 min (lanes 3 and 8), 1 h (lanes 4 and 9) and 2 h (lanes 5 and 10). For Western analysis of IkBb, total cell lysates
treated with TGF-b for 20 min to 12 h were used. Specific bands for p50, p65, IkBa, and IkBb are indicated by arrows. Recombinant p65 was loaded as a control in
lane 11 of the p65 panel. (C) Cytoplasmic RNA was isolated from HaCaT cells treated with TGF-b for 1 h (lane 3), 2 h (lane 4), 4 h (lane 5), 8 h (lane 6), and 10 h
(lane 7), as well as from untreated cells (lane 2), and used in an RNase protection assay. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and p15 mRNAs were
included in the same experiment as controls. tRNA was used as negative control (lane 1). mRNA bands for p15, IkBa, and GAPDH are indicated. uP, undigested
GAPDH riboprobe.
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Gal4-p65 can mediate TGF-b-induced promoter activation
through Gal4 binding sites. If NF-kB is indeed required for
TGF-b-mediated transcription activation through NF-kB bind-
ing sites and yet its protein levels and DNA binding activities
are not affected by TGF-b treatment, we would expect Gal4-
p65 fusion proteins to support TGF-b-mediated expression
from a promoter containing Gal4 DNA binding sites. Chimeric
constructs fusing the first 147 amino acids of the Gal4 DNA
binding domain to either the full-length p65 or the TA1 of p65
alone (38) were cotransfected with a luciferase reporter which
contains five copies of Gal4 DNA binding sites in its promoter
in addition to the TATA box and initiator element. As shown
in Fig. 6A, the Gal4 fusion protein containing the full-length
p65 supported significantly elevated expression from the lucif-
erase reporter which was further induced strongly upon TGF-b
treatment (Fig. 6A). Interestingly, 30 amino acids (amino acids
520 to 550) of the p65 TA1 alone also supported transcription
from Gal4 binding sites, which was induced by TGF-b almost
20-fold (Fig. 6A). The weaker TGF-b-induced transactivating
activity of the Gal4–full-length p65 construct is possibly the
result of a combinational effect derived from both the presence
of the DNA binding domain of p65 in the fusion construct and
a higher noninduced transactivating activity. A control, the
Gal4-VP16 construct, elicited a similarly strong transactivation

response from the reporter which was also further induced by
TGF-b treatment (Fig. 6A). This apparently nonspecific two-
to threefold TGF-b-induced promoter activity is observed fre-
quently in our assay systems with certain other types of lucif-
erase constructs, and we attribute the source of the nonspecific
promoter activity to the potential change in the stability of
luciferases in cells treated with TGF-b, as has been reported in
other circumstances (33). In any event, we have clearly dem-
onstrated that the Gal4-p65 constructs could specifically me-
diate the TGF-b-induced transactivating activity, even when
the nonspecific induced activity is taken into account. It is also
important to point out that the noninduced transactivating
activity of the Gal4-p65 full-length construct is at least com-
parable to, if not stronger than, that of the Gal4-VP16 con-
struct (Fig. 6A), a known potent transactivator of transcription.

To further demonstrate the specificity of this TGF-b-in-
duced transcriptional activation through the Gal4-p65 fusion
proteins, we used two more control Gal4 fusion constructs in
the same experiments. As shown in Fig. 6B, the Gal4-Sp1B
construct, which contains the transcription factor Sp1 transac-
tivation subdomain B fused to the Gal4 DNA binding domain,
responded to TGF-b similarly to the Gal4-p65 constructs, a
result consistent with our previous findings (references 9 and
25 and unpublished results). In contrast, the Gal4-Sp3B con-

FIG. 6. p65 can mediate TGF-b-induced transcriptional activation. (A) Gal4 vector plasmid (pSG147), Gal4-p65 chimeric constructs containing either the
full-length p65 (Gal4-p65) or TA1 of p65 (Gal4-p65TA1), and Gal4-VP16 were cotransfected transiently with the TI153Gal4-luc reporter plasmid into HaCaT cells
by the standard DEAE-dextran method, and their relative luciferase activities were measured after cells were treated or not with TGF-b1 for 24 h. The fold induction
by TGF-b is indicated. Error bars represent standard deviations from duplicate determinations. (B) In the same experiment as shown in panel A, the Gal4-Sp1B and
Gal4-Sp3B constructs were used as controls in cotransfection with the reporter plasmid. The only difference between the two panels is the scale of relative light units
as a reflection of differences in the overall transactivating activities of those Gal4 fusion constructs.
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struct, which contains the corresponding transactivation sub-
domain B of transcription factor Sp3 fused to the Gal4 DNA
binding domain, failed to respond to the TGF-b signal (Fig.
6B). The striking difference between these two Gal4 fusion
proteins, which belong to the same Sp1 family of transcription
factors, was primarily the result of their differential responses
to a specific signal, in this case TGF-b, as the expression levels
and DNA binding capabilities of the two fusion proteins are
essentially the same (9a). Of interest are the reproducible
significant differences in the overall activities of the NF-kB p65
constructs versus the Sp1 and Sp3 constructs, which display
transactivating activities that are almost 2 orders of magnitude
lower in the same assay. While the exact reason underlying the
differences is not known, we suspect that the expression levels
of the two types of fusion proteins may contribute to the
differences. Taken together, these results demonstrated that
p65 was sufficient to support TGF-b-mediated promoter acti-
vation. Possibly, TGF-b treatment enhanced gene expression
by increasing the transactivation potential of p65, as in the case
of the TA1 domain of p65, or the ability of p65 to interact with
other coactivators. It is also possible that TGF-b modifies
specific coactivators which could then be recruited to the pro-
moter region more readily through interaction with p65 or one
of its functional domains.

Activation of the HIV-1 LTR by TGF-b does not require the
activity of transcription factor NF-AT. A recent study demon-
strated that transcription factor NF-AT, which interacts spe-
cifically with the NF-kB sites in the HIV-1 LTR, can synergize
with NF-kB and Tat in the transcription activation of HIV-1
and can enhance HIV-1 replication in T cells (19). To inves-
tigate if TGF-b can activate transcription through the activity
of NF-AT, we measured the TGF-b-mediated transactivation
of the construct TI113kB-luc in the presence of various con-
centrations of CsA, a specific pharmacological inhibitor of
NF-AT (13). As shown in Fig. 7, CsA has no effect on TGF-
b-induced promoter activity, suggesting that NF-AT is proba-
bly not involved in the mediation of the TGF-b transactivation
signal in HaCaT cells.

TGF-b activates the HIV-1 LTR in 300.19 pre-B cells. To
investigate if TGF-b could activate transcription from the
HIV-1 LTR promoter in cell types other than HaCaT cells, we
screened more than a half-dozen cell lines of lymphoid and
myeloid lineages for TGF-b responsiveness. Only one cell line,
the mouse pre-B cell line 300.19, tested positive for TGF-b-
mediated growth arrest as determined by a thymidine incor-
poration assay (data not shown). When HIVKH-luc was tran-
siently transfected into 300.19 cells by electroporation, two- to
threefold induction of relative luciferase activity was consis-
tently observed after cells were treated with TGF-b (Fig. 8A).
The luciferase reporter construct driven by two copies of the
HIV-1 NF-kB sites alone was similarly activated by TGF-b
treatment (Fig. 8A, TI123kB-luc). In the same experiment,
the 3TPlux luciferase reporter was also activated about seven-
fold (Fig. 8A). In contrast, the expression from the negative-
control DHFR luciferase reporter was not affected by TGF-b
treatment (Fig. 8A). Coexpression of either the dominant-
negative type I or the dominant-negative type II receptor sig-
nificantly reduced TGF-b induction of the HIV-1 LTR
promoter (Fig. 8B, TbRI-DN and TbRII-DN), while a consti-
tutively active type I receptor induced HIVKH-luc expression
in a ligand-independent manner (Fig. 8B, TbRI-act). These
results indicate that the observed induction of the HIV-1 LTR
promoter by TGF-b treatment is indeed mediated by a specific
TGF-b signaling pathway. Thus, TGF-b-mediated transcrip-
tional activation through NF-kB is not limited to HaCaT cells

but also exists in other cell types such as 300.19 pre-B cells of
lymphoid origin.

DISCUSSION

TGF-b has been shown to promote HIV-1 viral production
in primary macrophages and U937 cells (22), however, the
mechanism by which TGF-b increases HIV-1 viral production
in these cells is not known. We demonstrated here that TGF-b
activated the HIV-1 LTR promoter in HaCaT cells as well as
in 300.19 pre-B cells, primarily through NF-kB binding sites.
TGF-b can synergize with the virally encoded Tat transactiva-
tor to induce greater induction from the HIV-1 LTR. Tat has
previously been shown to be a strong inducer of TGF-b1 gene
expression, which is correlated with its potent immunosuppres-
sive activity (7). Taken together, these findings indicate that
both Tat and TGF-b can be employed by HIV-1 to perform
similar functions as immunosuppressors of the host immune
system and at the same time as transcription activators of the
HIV-1 LTR promoter to promote viral production. This hy-
pothesis is consistent with reports of increased TGF-b produc-
tion or expression levels in peripheral blood mononuclear cells
(18), primary mononuclear phagocytes (22, 23), and brain tis-
sues (45) from HIV-1-infected patients. It will be important to
investigate if TGF-b displays the same transactivating effect of
the HIV-1 LTR in those cell types, which are natural hosts of
HIV. On the other hand, it will be equally important to identify
endogenous target genes in immune cells regulated by TGF-b
through this novel signaling pathway, thus providing a better
understanding of the molecular basis for the diverse biological
effects of TGF-b on the immune system.

In this study, we have demonstrated that NF-kB activity,
specifically p65, is required for the mediation of the TGF-b

FIG. 7. TGF-b-induced activation of NF-kB transcriptional activity does not
require NF-AT activity. TI113kB was transiently transfected into HaCaT cells,
and different concentrations of CsA were added 12 h after transfection, right
before addition of TGF-b. Relative luciferase activities were assayed after cells
were treated or not with TGF-b for 24 h. Error bars represent standard devia-
tions from duplicate determinations.
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transactivating effect in HaCaT cells. NF-kB is the prototype of
a group of transcription factors which bind to the NF-kB DNA
binding sites. NF-kB controls many genes of biological impor-
tance, such as those encoding the immunoglobulin k light
chain, inflammatory cytokines, chemokines, interferons, major
histocompatibility complex proteins, growth factors, cell adhe-
sion molecules, and viruses (reviewed in references 2 and 30).
Most premature lymphocytes contain NF-kB in an inactive
form through its association with the inhibitory IkB family of
proteins, and the inactive NF-kB–IkBa complex resides in the
cytoplasm. Upon treatment with specific cytokines such as in-
terleukin-2 and tumor necrosis factor alpha or stress signals
such as UV irradiation, IkBa is rapidly phosphorylated and
degraded through the ubiquitin-proteasome degradation path-
way (31). Dissociation from IkBa enables NF-kB to translo-
cate into the nucleus, where it elicits various gene responses
(reviewed in references 2 and 30). Unlike this classic NF-kB
activation mechanism, we have demonstrated that HaCaT cells
contain constitutively active NF-kB activities which are appar-
ently not changed upon TGF-b treatment (Fig. 5A). Further-
more, HaCaT cells contain abundant IkBa mRNA and pro-
teins which are located primarily in the cytoplasm (Fig. 7B).
This is reminiscent of mature B cells, which express constitu-
tively active NF-kB as well as large amounts of IkBa proteins
and mRNAs in the cytoplasm (28). Therefore, at least in
HaCaT cells, TGF-b-mediated transcription activation
through NF-kB sites does not involve changes in the NF-kB
DNA binding activity. Rather, there is a constitutive fraction of
active NF-kB present in the nucleus, probably due to rapid

IkBa dissociation and degradation as proposed for mature B
cells (28), a notion consistent with a recent finding that NF-kB
is present in significant quantities in keratinocyte nuclei (48).
The TGF-b signal appears to reach the NF-kB molecules in
the nucleus and activate their transactivating activity through a
yet-unidentified pathway. This is consistent with our results
that Gal4-p65 chimeric constructs could support ligand-depen-
dent activation of a promoter driven by Gal4 DNA binding
sites.

In WEHI231 immature B cells, TGF-b was shown to cause
apoptosis by increasing the IkBa mRNA level and conse-
quently decreasing NF-kB binding activity (1). However, we
did not see significant changes in the protein levels of either
IkBa, IkBb, p50, or p65 after TGF-b treatment for up to 24 h
in HaCaT cells (Fig. 5B and data not shown), nor did we
observe changes in IkBa mRNA levels after TGF-b treatment
(Fig. 5C). In fact, we routinely observed slightly increased
NF-kB DNA binding activities upon TGF-b treatment (Fig.
5A). This discrepancy most likely reflects the difference in the
cell types employed. Perhaps both mechanisms exist, depend-
ing on cell types and growth conditions. Thus, TGF-b treat-
ment could down-regulate NF-kB activity and cause apoptosis
in WEHI231 immature B cells (1), whereas the same treatment
causes G1 growth arrest in HaCaT cells which contain consti-
tutive NF-kB activity. It is possible that the constitutively active
NF-kB activity, which was unchanged upon TGF-b treatment,
might protect certain cell types from undergoing apoptosis,
since NF-kB has recently been shown to exert antiapoptotic
activity (4, 44, 46).

FIG. 8. TGF-b stimulates expression from the HIV-1 LTR promoter in 300.19 pre-B cells. (A) HIVKH-luc was transiently transfected into 300.19 pre-B cells by
electroporation as detailed in Methods and Materials, and its relative luciferase activity was assayed after cells were treated or not with human TGF-b1 for 24 h.
Similarly transfected and assayed were the vector plasmid, 3TPlux, TI123kB-luc (Fig. 3A), and DHFR-luc. The fold induction is indicated. Error bars represent
standard deviations from duplicate determinations. (B) HIVKH-luc was cotransfected transiently with the pCMV5 expression vector, a constitutively active TGF-b
receptor expression plasmid (TbRI-act), a dominant-negative TGF-b receptor I (TbRI-DN), or a dominant-negative TGF-b receptor II (TbRII-DN), and luciferase
activities were assayed as described for panel A. The fold induction relative to the uninduced (pCMV5) expression is indicated. Error bars represent standard deviations
from duplicate determinations.
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The notion that there are alternative mechanisms for gene
activation by NF-kB which do not involve changes in the
NF-kB DNA binding activity is also supported by other studies.
For example, it was shown that overexpression of p21(CIP1/
WAF1) could stimulate HIV-1 gene expression without induc-
ing changes in NF-kB DNA binding activities in Jurkat cells
(32). Indeed, coexpression of p21(CIP1/WAF1) and p65
(RelA) caused synergistic induction from the HIV-1 promoter,
suggesting that p21(CIP1/WAF1) induces expression from
NF-kB sites by a mechanism distinct from that of p65 (RelA)
(32). TGF-b causes growth arrest in certain cell types by in-
ducing the genes for CKI p15INK4B and/or p21(CIP1/WAF1)
(8, 25). It is possible that the TGF-b-induced p21(CIP1/
WAF1) could in turn stimulate HIV-1 gene expression, pre-
sumably through the p300/CBP coactivator proteins as pro-
posed by Perkins et al. (32). Our preliminary results support
the possibility of such a mechanism since coexpression of
p21(CIP1/WAF1) stimulated HIV-1 gene expression about
two- to threefold in HaCaT cells. Moreover, Gal4-p300/CBP
chimeric proteins could support gene induction by TGF-b
from Gal4 DNA binding sites, which is consistent with the
involvement of p300/CBP coactivators in transcription activa-
tion mediated by the TGF-b signaling pathway (our unpub-
lished results). However, additional mechanisms may be in-
volved in the stimulation of HIV-1 gene expression by TGF-b
through NF-kB sites, because the induction of the HIV-1 pro-
moter through the coexpression of p21(CIP1/WAF1) is further
enhanced significantly by TGF-b treatment (our unpublished
results).

It is possible that TGF-b could induce phosphorylation of
p65 through an unidentified kinase, leading to the activation of
NF-kB, as phosphorylation of p65 by PKA has recently been
demonstrated to play an important role in the regulation of
NF-kB activity (49). Our attempts to address the question of
whether PKA is involved in this specific TGF-b signaling path-
way have so far generated mixed results. In those studies, we
tested the ability of two reagents to abrogate the effect of
TGF-b on NF-kB-mediated transactivation: a dominant-neg-
ative mutant form of PKA and a pharmacological inhibitor of
PKA kinase activity, H89, both of which were used successfully
in that recent study (49) to demonstrate the involvement of
PKA in the activation of NF-kB activity. We found that coex-
pression of the dominant-negative mutant form of PKA had no
effect on the fold induction mediated by TGF-b, even though
the overall promoter activity was slightly reduced. In contrast,
the presence of 20 mM H89 significantly reduced TGF-b-in-
duced activity of the HIV-1 LTR, as well as that of several
TGF-b-responsive control promoters, such as the Sp1 site-
driven p15 and p21 promoters and the AP1-Smad-driven
p3TP-lux promoter (data not shown), suggesting that H89
could have additional effects on other kinases. Based on those
conflicting results, we are unable to reach a firm conclusion as
to the exact role of PKA, if any, in the mediation of the TGF-b
signal in activating transcription through the activity of NF-kB.
Further experiments will certainly be needed to elucidate the
precise mechanisms by which TGF-b regulates NF-kB activa-
tion, consequently helping us understand how TGF-b signals
specific gene responses and the roles that TGF-b may play in
HIV-1 viral gene regulation and pathogenesis.
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